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tific basis for an integrated assessment of the causes and consequences
of hypoxia in the Gulf of Mexico, as requested by the White House Office
of Science and Technology Policy and as required by Section 604a of
P.L. 105-383. For more information on the assessment and the assess-
ment process, please contact the National Centers for Coastal Ocean
Science at (301) 713-3060.
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Foreword

Nutrient overenrichment from anthropogenic sources is one of the major stresses on coastal ecosystems.
Generally, excess nutrients increase algal production and the availability of organic carbon within an eco-
system—a process known as eutrophication. Scientific investigations in the northern Gulf of Mexico have
documented a large area of the Louisiana continental shelf with seasonally depleted oxygen levels (< 2
mg/l). Most aquatic species cannot survive at such low oxygen levels. The oxygen depletion, referred to as
hypoxia, forms in the middle of the most important commercial and recreational fisheries in the contermi-
nous United States and could threaten the economy of this region of the Gulf.

As part of a process of considering options for responding to hypoxia, the U.S. Environmental Protection
Agency (EPA) formed the Mississippi River/Gulf of Mexico Watershed Nutrient Task Force during the fall
of 1997, and asked the White House Office of Science and Technology Policy to conduct a scientific as-
sessment of the causes and consequences of Gulf hypoxia through its Committee on Environment and
Natural Resources (CENR). A Hypoxia Working Group was assembled from federal agency representa-
tives, and the group developed a plan to conduct the scientific assessment.

The National Oceanic and Atmospheric Administration (NOAA) has led the CENR assessment, although
oversight is spread among several federal agencies. The objectives are to provide scientific information
that can be used to evaluate management strategies, and to identify gaps in our understanding of this
complex problem. While the assessment focuses on hypoxia in the Gulf of Mexico, it also addresses the
effects of changes in nutrient concentrations and loads and nutrient ratios on water quality conditions
within the Mississippi—Atchafalaya River system.

As a foundation for the assessment, six interrelated reports were developed by six teams with experts
from within and outside of government. Each of the reports underwent extensive peer review by inde-
pendent experts. To facilitate this comprehensive review, an editorial board was selected based on nomi-
nations from the task force and other organizations. Board members were Dr. Donald Boesch, University
of Maryland; Dr. Jerry Hatfield, U.S. Department of Agriculture; Dr. George Hallberg, Cadmus Group; Dr.
Fred Bryan, Louisiana State University; Dr. Sandra Batie, Michigan State University; and Dr. Rodney Foil,
Mississippi State University. The six reports are entitled:

Topic 1. Characterization of Hypoxia. Describes the seasonal, interannual, and long-term varia-
tions of hypoxia in the northern Gulf of Mexico and its relationship to nutrient loadings. Lead: Nancy N.
Rabalais, Louisiana Universities Marine Consortium.

Topic 2: Ecological and Economic Consequences of Hypoxia. Evaluates the ecological and eco-
nomic consequences of nutrient loading, including impacts on the regional economy. Co-leads: Robert
J. Diaz, Virginia Institute of Marine Science, and Andrew Solow, Woods Hole Oceanographic Institu-
tion, Center for Marine Policy.

Topic 3: Flux and Sources of Nutrients in the Mississippi—Atchafalaya River Basin. Identifies
the sources of nutrients within the Mississippi—Atchafalaya system and Gulf of Mexico. Lead: Donald
A. Goolsby, U.S. Geological Survey.
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Topic 4: Effects of Reducing Nutrient Loads to Surface Waters Within the Mississippi River
Basin and Gulf of Mexico. Estimates the effects of nutrient-source reductions on water quality. Co-
leads: Patrick L. Brezonik, University of Minnesota, and Victor J. Bierman, Jr., Limno-Tech, Inc.

Topic 5: Reducing Nutrient Loads, Especially Nitrate—-Nitrogen, to Surface Water, Ground Wa-
ter, and the Gulf of Mexico. Identifies and evaluates methods for reducing nutrient loads. Lead: Wil-
liam J. Mitsch, Ohio State University.

Topic 6: Evaluation of the Economic Costs and Benefits of Methods for Reducing Nutrient
Loads to the Gulf of Mexico. Evaluates the social and economic costs and benefits of the methods
identified in Topic 5 for reducing nutrient loads. Lead: Otto C. Doering, Purdue University.

These six individual reports provide a foundation for the final integrated assessment, which the task force
will use to evaluate alternative solutions and management strategies called for in Public Law 105-383.

As a contribution to the Decision Analysis Series, this report provides a critical synthesis of the best avail-
able scientific information regarding the ecological and economic consequences of hypoxia in the Gulf of
Mexico. As with all of its products, the Coastal Ocean Program is very interested in ascertaining the utility
of the Decision Analysis Series, particularly with regard to its application to the management decision pro-
cess. Therefore, we encourage you to write, fax, call, or e-mail us with your comments. Our address and
telephone and fax numbers are on the inside front cover of this report.

/_,}/@ e L

David Johnson, Director Donald Scavia, Chief Scientist
Coastal Ocean Program National Ocean Service



Executive Summary

The overall goal of this assessment was to evaluate the effects of nutrient-source reductions that may be
implemented in the Mississippi River Basin (MRB) to reduce the problem of low oxygen conditions (hy-
poxia) in the nearshore Gulf of Mexico. Such source reductions would affect the quality of surface wa-
ters—streams, rivers, and reservoirs—in the drainage basin itself, as well as nearshore Gulf waters. The
task group’s work was divided into addressing the effects of nutrient-source reductions on: (1) surface
waters in the MRB and (2) hypoxia in the Gulf of Mexico.

MISSISSIPPI RIVER BASIN

The freshwater phase had two objectives:
« evaluate the effects of nutrient-source reductions in the drainage basin on nutrient concentrations
and loads in flowing waters of the basin; and
» describe the effects of changes in nutrient concentrations, and evaluate the magnitude of those
effects, on ecological and related water quality conditions in these flowing waters.

A comprehensive approach was taken: both major nutrients (nitrogen and phosphorus) for plant growth
and a wide range of water quality factors were evaluated. Because of the enormity of the basin and the
complexity and diversity of its aquatic ecosystems, it was not possible to assess site-specific effects. The
analysis focused on areas with the highest concentrations and loads of nutrients—the agriculturally domi-
nated central region of the basin, and especially the Corn Belt.

The largest source of nutrients in the MRB is agricultural activity, but point sources, urban runoff, and at-
mospheric deposition also contribute. Options for reductions from each major category of nutrient sources
were reviewed, with special attention to on-farm management practices for agricultural sources. Yield in-
formation (mass lost per unit area per time) for nitrate (a soluble form of nitrogen (N) that in high concen-
tration is associated with degraded water quality) was used to assess the need for improvements in
agricultural practices. Nitrate yields in the MRB generally are highest in the Corn Belt and lowest in highly
forested watersheds and arid sub-basins. The processes of delivering nutrients to receiving waters differ
for nitrogen and phosphorus (P). The former is especially associated with subsurface drainage, and artifi-
cial (tile) drainage is an important factor; the latter is associated with surface runoff, and soil erosion is an
important factor. Consequently, options for reducing losses also must be considered separately.

A case study on the Minnesota River Basin illustrated the potential effectiveness of improved manage-
ment practices (IMPs) on losses from fields. Because climatic, soil, and cropping conditions are generally
similar throughout the Corn Belt, improvements described in the case study apply throughout the Corn
Belt. Significant reductions in losses can be achieved by such IMPs as: increasing the spacing of tile
drainage; controlling water table levels to promote denitrification in soil; routing tile drainage through wet-
lands; planting strips of grass and forest as buffers; changing from row- to perennial-cropping systems;
planting a cover crop during the fall and winter; switching from conventional to reduced tillage; switching
from fall to spring application of fertilizer; and limiting fertilizer and manure applications to agronomically
recommended rates. Some IMPs reduced losses by only 10-20% of baseline conditions, but others re-
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duced losses by up to 90% in field studies. From a practical standpoint, not all the options are equally vi-
able.

Significant load reductions at the scale of watersheds will require widespread adoption of IMPs. It is im-
portant to recognize that experiences at selected sites and small watersheds should not be linearly ex-
trapolated to estimate changes in nutrient deliveries and transport over large areas. In particular,
experiences with cropland watersheds on relatively level land with highly developed tile drainage do not
provide evidence for equivalent changes in nutrient loadings over large drainage basins with multiple land
uses, variable slopes, and long river systems. Moreover, human responses to changes in agricultural
practices tend to be buffered as well. For example, imposing restraints on fertilizer and manure applica-
tions in targeted areas will reduce some agricultural production in those areas, raise the prices of the af-
fected commodities, and induce farmers elsewhere to increase production, with associated increases in
nutrient use. These effects can be estimated only by multidisciplinary studies of the large areas.

The extent of reductions achieved depends on site-specific characteristics (climate, soils, cropping his-
tory), the types of improvements in management, and the baseline conditions to which the management
improvements are being compared. Among the controllable measures, fertilizer application rate is a major
factor, but the effectiveness of reducing rates depends on climatic conditions and the extent to which
baseline applications exceed recommended rates. For example, a combination of modeling and field
studies in southern Minnesota showed that incremental loss rates approached 100% of the nitrogen in
added fertilizer when application rates were excessive (> 130 kg/ha) and annual rainfall was above nor-
mal. Losses were much smaller and nearly independent of rainfall when applications were at or below
recommendations based on agronomic production.

Aside from the on-site management practices for diffuse nutrient sources that are described in this report,
several other large-scale strategies exist for decreasing nutrient export from the MRB. These include
changes in land use (e.g., conversion of cropland to conservation areas) and re-establishment of some
portion of the large acreage of wetlands in the MRB that have been drained and converted mostly to agri-
cultural lands over the past 150 years. These important approaches are described in the report of another
task group (Mitsch et al. 1999) and are not discussed in detail in this report.

Not all nutrients entering MRB flowing waters are transported to the Gulf; nutrient retention and loss occur
by denitrification, sedimentation, and plant uptake. Loss and retention decrease the downstream transport
of nutrients and the impact of nutrient use in the upper drainage basin on downstream water quality. As a
result, reductions in the downstream load of nutrients will be less than any reductions in the mass of fertil-
izer applied to fields. Analysis of water quality data shows that substantial processing of nutrients occurs in
the rivers by primary production, but data are inadequate to determine the amounts of nutrients lost or re-
tained in the rivers by this process. Model-based estimates were made for in-stream nutrient losses in
small tributaries and large rivers of the Upper and Lower Mississippi River Basins using literature-based
estimates of nutrient loss rates in rivers and mean water travel times in the rivers. The mean percentage
loss of total nitrogen (TN) was estimated to be ~35-40% in small tributaries and ~20% in mainstem rivers.
In contrast, the mean loss of total phosphorus (TP) was estimated to be ~28-37% in small tributaries and
negligible in the mainstem channels. The latter results are reasonable for the free-flowing main channels,
but it is likely that there is some TP retention (as yet unquantified) behind dams in the Upper Mississippi
River.

To address the potential benefits of lower nutrient concentrations on ecosystem and water quality, we ex-
amined: (1) the potential for decreased frequency of violations in water quality standards related to nutrient
conditions in MRB waters; (2) potential reductions in biochemical oxygen demand; (3) decreased frequen-
cies of exceeding nutrient concentration criteria related to river eutrophication; (4) effects on plankton
composition and production and on nuisance algal blooms; (5) effects on macrophyte communities; and
(6) effects on fish communities.

Violations of water quality standards for dissolved oxygen, pH, nitrate, and un-ionized ammonia in general
are uncommon under current conditions, but violations are more frequent at some sites. Review of state
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and EPA 305(b) assessments also indicates that most MRB states have substantial numbers of river
miles that suffer use impairment related to nutrient conditions or do not fully support three resource uses
(aquatic life support, fish consumption, and swimming). Excessive levels of nutrients are a major reason
why many river miles in the MRB do not fully support these uses, especially the swimming and aquatic life-
support uses, and reductions in nutrient concentrations, if significant, can improve water quality in these
river stretches. Present levels of biological oxygen demand (BOD) are not high enough to cause low dis-
solved oxygen, except perhaps in isolated portions of MRB rivers and streams. Reduced nutrient concen-
trations would lead to somewhat lower BOD levels in the waters, but would not significantly change
dissolved oxygen levels in the rivers.

About 30-55% of the hydrologic cataloging units (HCUs) of the Ohio, Lower Mississippi, and Tennessee
sub-basins exceed a proposed eutrophic criterion for TP in flowing waters, and 16—40% of the HCUs in
these regions exceed the proposed flowing-water criterion for TN. Higher exceedance frequencies were
found in the Missouri, Upper Mississippi, and Arkansas—Red sub-basins (~80% of the HCUs for TP and
70-75% for TN). A regression-based model showed that a 30% reduction in median TP concentrations is
required in the Upper Mississippi, Arkansas—Red, and Missouri regions to obtain a 10% reduction in the
HCUs that exceed the trophic criterion for TP. In contrast, only a 15% reduction is required in the Ohio,
Tennessee, and Lower Mississippi regions to achieve a 10% reduction in the rate of exceedance.

Recently published data for many rivers show that chlorophyll concentrations are correlated with TP con-
centrations. Substantial scatter exists in the relationship, but the general implications are clear: other fac-
tors being equal, phytoplankton biomass increases with increased P in rivers, just as it does in lakes.
Analysis of nitrogen-to-phosphorus (N:P) ratios in waters across the MRB indicated that 69% of the waters
fell into the combined N+P and P-limited class, and 31% of the sites exhibited potential N-limitation.

An empirical relationship was used to predict the improvements in chlorophyll that would occur on average
following reductions in TP concentrations in river reaches of fixed catchment size. Many factors besides
TP concentrations influence algal production. In addition, large responses of chlorophyll to reductions in
TP should not be expected when inorganic P values are high. In such cases, substantial loading reduc-
tions may be necessary to induce a measurable response in algal biomass at a given site.

Aquatic macrophytes have important effects on water quality in shallow systems. If reductions in N and P
levels increase underwater light, the distribution of aquatic macrophytes will expand in the Upper Missis-
sippi River, with concomitant beneficial effects on water quality. Increased macrophyte abundance may
increase nutrient retention within the river system (because of enhanced deposition and retention of sus-
pended sediment), leading to lower delivery rates of nutrients to the Gulf of Mexico than would otherwise
be predicted from direct effects of external source reductions alone. Increased macrophyte abundance
also would increase the habitat for fish. Several potential negative effects of decreased nutrient loading
were examined, including lower fish production, and none was found likely to cause significant impacts at
the loading reduction levels likely to occur.

GULF OF MEXICO

The goal of the Gulf of Mexico portion of this assessment was to investigate whether water quality in the
Louisiana Inner Shelf (LIS) portion of the northern Gulf of Mexico would be responsive to changes in nutri-
ent loadings from the Mississippi—Atchafalaya River (MAR). The specific objectives were to investigate
whether dissolved oxygen and chlorophyll concentrations are sensitive to changes in MAR nitrogen and
phosphorus loadings, and to estimate the magnitudes of potential reductions in these loadings that may
be necessary to improve present water quality conditions, especially seasonal hypoxia. The purpose of
this assessment was not to establish target nutrient loading objectives, but rather to determine the range
of reductions in nutrient loadings that may need to be evaluated in future studies.

The study’'s objectives were met by conducting forecast simulations with a quantitative water quality
model. It was found that dissolved oxygen and chlorophyll concentrations on the LIS appear to respond to
reductions in nutrient loadings from the MAR; however, there are significant uncertainties in the magni-
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tudes of these responses for a given nutrient loading reduction. These uncertainties are due to lack of in-
formation on controlling physical, chemical, and biological processes, and to natural variability in hydro-
meteorological conditions in the northern Gulf of Mexico.

For reductions in nutrient loadings of 20-30%, bottom-water dissolved oxygen concentrations were esti-
mated to increase by 15-50%, and surface chlorophyll concentrations were estimated to decrease by 5—
10%. The ranges correspond to different assumptions for sediment responses and large-scale Gulf of
Mexico water quality, and to different hydrometeorological conditions among different years. Although dif-
ferences in responses between reductions in nitrogen and phosphorus loadings were generally significant,
there was a tendency for responses to be somewhat greater for nitrogen reductions than for phosphorus
reductions, especially for dissolved oxygen.

A significant obstacle to reducing uncertainties in quantifying linkages between MAR nutrient loadings and
water quality responses in the northern Gulf of Mexico is lack of a sufficiently comprehensive database.
There is a basic need for good physical oceanographic data on water movements and other physical pro-
cesses. There is also a need for data on chemical and biological processes that influence hypoxia. Al-
though the existing database is comprehensive in many respects, the data were acquired primarily to
characterize water quality responses, not to provide data for quantifying load-response relationships or
principal controlling processes. To accomplish this objective, a conceptual model of ecosystem structure
and function should be created and used as a foundation on which to develop future monitoring plans.

Field data generated by a comprehensive monitoring program are necessary but not sufficient for devel-
oping and validating quantitative models. There is not yet a complete understanding of the physical,
chemical, and biological processes that influence water quality responses in the northern Gulf of Mexico.
Research is needed to better understand these processes and to provide information for representing
them in quantitative models. The most important of these processes involves water circulation; stratifica-
tion; primary productivity; underwater-light attenuation; the influence of phytoplankton dynamics on fate
pathways for organic carbon; and cycling and transformation of nutrients, carbon, and oxygen.

The results presented in this report are preliminary results from an ongoing research program, and should
be considered provisional in nature. To reduce uncertainties in these results, future modeling work should
include linkage of the water quality model with a hydrodynamic model of Gulf of Mexico circulation, expan-
sion of the model's spatial domain, and refinement of the model’s horizontal and vertical spatial resolution.
The water quality model itself should be expanded to include a sediment diagenesis submodel, multiple
phytoplankton groups, and silica as a potential limiting nutrient.









CHAPTER 1

Introduction

11 SCOPE OF THIS REPORT

The general charge to Task Group 4 was to assess the effects of nutrient-source reduction techniques
that may be implemented in the Mississippi River Basin to reduce the problem of low oxygen conditions
(hypoxia) in the nearshore Gulf of Mexico. Although the source reductions would be directed at solving a
problem that is external to the river basin itself, they would also affect the quality of surface waters—
streams, rivers, and reservoirs—within the drainage basin. Therefore, the task group’s work was divided
into addressing the effects of nutrient-source reduction on: (1) the fresh waters in the MRB and (2)
hypoxia in the Gulf of Mexico. Separate groups were assembled to address each part. The organization of
this report reflects this division.

Chapter 2 of this report describes the Mississippi River Basin and the coastal region of the Gulf of Mexico
where hypoxia occurs, the sources of data and approaches used in the two assessment phases, and the
model and model assumptions used for the Gulf of Mexico phase. Chapter 3 presents the results of the
assessments and discusses and interprets their implications. Chapter 4 describes further research needs
identified by the task group and recommends additional monitoring and development of simulation mod-
els. Finally, Chapter 5 summarizes the major conclusions from both parts of the study.

The purpose of this analysis was not to establish target nutrient loading objectives, but to determine the
range of nutrient loading reductions that may need to be evaluated in future studies. The results presented
here are preliminary results from an ongoing research program and should be considered provisional in
nature.

1.1.1 Mississippi River Basin

The goal of the freshwater part of this study was to evaluate the likely effects of nutrient-source reductions
on nutrient concentrations and loads in flowing waters of the MRB and to assess the effects of these re-
ductions on the overall quality and ecosystem integrity of these waters.

Because the six task groups addressing the hypoxia issue conducted their assessments simultaneously,
some overlap with the responsibilities of other task groups was necessary in order for our task group to
conduct its own assessment. In particular, Task Group 3 had primary responsibility for assessing nutrient
sources to the Gulf, and in so doing addressed questions of nutrient retention and losses within the drain-
age basin. For our task group to evaluate the effects of changes in land-management practices on nutri-
ent concentrations in the streams and rivers, we also needed to evaluate the extent of nutrient retention
and losses within the MRB. Similarly, Task Group 5 assessed the various options for nutrient-source re-
duction in the MRB, but this question was of key importance in our own analysis of the magnitude of re-
ductions we could expect in nutrient concentrations and loads in the rivers. Consequently, our task group
also addressed this question, focusing especially on the potential and opportunities for reductions from
agricultural sources.

Regarding the effects of reductions in nutrient concentrations on river water quality, the task group took as
broad and quantitative an approach as possible, consistent with the availability of data on the MRB fresh-
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water system and our present state of knowledge about river eutrophication. We considered effects of
lower nutrient concentrations on other aspects of chemical water quality, including effects on violations of
water quality standards for dissolved oxygen and other nutrient-related variables. We also considered ef-
fects on a wide range of potential biological conditions, including planktonic, macrophyte, and fish com-
munity composition and production.

1.1.2 Gulf of Mexico

The goal of the Gulf of Mexico portion of this study was to investigate whether water quality parameters in
the Louisiana Inner Shelf (LIS) portion of the northern Gulf of Mexico are responsive to changes in nutrient
loadings from the Mississippi—Atchafalaya River (MAR). Task Group 1 (Rabalais et al. 1999) presented a
comprehensive description of hypoxia in the northern Gulf of Mexico and its relationship to nutrient load-
ings. Task Group 2 (Diaz and Solow 1999) investigated the broader ecological consequences of hypoxia,
including its potential impacts on benthos and the fisheries. The principal water quality variables of interest
in this report’s task group assessment were dissolved oxygen concentrations in bottom waters and chlo-
rophyll concentration in surface waters. The principal nutrients were nitrogen and phosphorus.

This analysis focused on the question of what level of MAR nutrient load reductions may cause a change
in LIS water quality. Specifically, it was of interest to investigate whether reductions of 20—-30% were suffi-
cient to produce a water quality response, or whether reductions of up to 70% may be required. An answer
to this question is crucial in determining whether reducing MAR nutrient loadings is a feasible option for
improving present water quality conditions, especially seasonal hypoxia. With respect to achievability,
Task Group 5 (Mitsch et al. 1999) concluded that greater than 50% of the nitrogen loading to the Gulf of
Mexico could be reduced by implementing a number of proven techniques working in concert.

Within this context, the present analysis had the following specific objectives:
« investigate whether dissolved oxygen and chlorophyll concentrations are sensitive to changes in
MAR nitrogen and phosphorus loadings, and
« estimate the magnitudes of potential reductions in nitrogen and/or phosphorus loadings that may
be necessary to improve present water quality conditions, especially seasonal hypoxia.



CHAPTER 2

Site Description and Methods

This chapter consists of two major sections. The first describes the landscape characteristics of the Mis-
sissippi River Basin (MRB) and briefly discusses the approach and data sources used to assess the likely
effects of nutrient-source reductions on water quality in the rivers and streams of the basin. The second
section describes water quality characteristics of the northern Gulf of Mexico and various approaches for
modeling estuarine and coastal waters. It also describes the modeling approach used to forecast the pos-
sible effects of reductions in nutrient loading from the MRB on hypoxia in the nearshore Gulf of Mexico
and presents sources of data for the model simulations, spatial and temporal scales, and model calibra-
tion.

21 MISSISSIPPI RIVER BASIN

2.1.1 Description of the Basin and Major Sub-basins

The MRB drains 41% of the conterminous United States, including all or part of 31 states. The drainage
basin is very diverse in terms of landscapes, ranging from arid areas of northeastern New Mexico and al-
pine regions of the eastern Rocky Mountains near its western limits, to prairie grasslands and rich farm-
lands in the midwestern Corn Belt and Mississippi Delta in its central region, to the industrialized region of
the upper Ohio Valley, and to the heavily forested Appalachian Mountains at its southeastern limits. This
vast basin discharges almost a million metric tons (0.95 x 10° Mg) per year of nitrate-N (1.57 x 10° Mg of
total nitrogen) from natural and anthropogenic sources to the Gulf of Mexico (Goolsby et al. 1999). The
basin also discharges approximately 137,000 metric tons (1.37 x 10° Mg) of total phosphorus to the Gulf.
Partly in response to this load of nutrients, a zone of hypoxia has developed in the Gulf of Mexico. The
size of the zone has varied in response to climatic variations from nearly zero in the drought years of the
late 1980s to over 17,000 km? after the severe floods of 1993 (Rabalais et al. 1999).

The Mississippi River Basin can be divided into sub-basins in several ways, depending on one’s goals and
interests. For example, Task Group 3 divided the MRB into nine sub-basins, primarily on the basis of the
location of hydrologic gauging and water quality sampling stations for the purpose of nutrient flux and yield
estimates. Task Group 4 divided the basin into six sub-basins: the Missouri (entering the Mississippi River
(MR) at Hermann, MO), the Ohio (entering the MR at Cairo, IL), the Tennessee (entering the Ohio shortly
before the latter’'s confluence with the MR), the White/Arkansas (entering the MR below Little Rock, AR),
the Upper Mississippi (the drainage basin to Cairo, IL), and the Lower Mississippi (the drainage basin be-
low Cairo, IL). These six sub-basins are based on a U.S. Geological Survey (USGS) division of the con-
terminous United States into 18 water resource regions (e.g., Seaber et al. 1987).

The hydraulic and nitrate loads from the six sub-basins vary considerably. For example, according to dis-
charge and nutrient estimates presented by Goolsby et al. (1999), the Ohio sub-basin generates 30% of
the flow in the MRB and about 31% of the nitrate load to the Gulf. In contrast, the Upper Mississippi River
sub-basin generates about 19% of the flow in the Mississippi River basin and 43% of the nitrate load. The
Lower Mississippi contributes 13% of the water flow in the river but only 6% of the nitrate discharged to the
Gulf of Mexico. The Missouri generates 13% of both the flow and the nitrate load discharged from the
MRB into the Gulf of Mexico. The two other sub-basins (Tennessee and White/Arkansas) contribute small
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portions of the nitrate load (3% and 4%, respectively). Thus the Upper Mississippi and Ohio sub-basins
generate nearly three-quarters of the total nitrate discharged from the MRB into the Gulf.

The Upper and Lower Mississippi and Ohio River sub-basins all have different climatic, soil, and land-use
characteristics. Mean annual precipitation is greatest in the Lower Mississippi (> 122 cm), intermediate in
the Ohio River (81-130 cm), and least in the Upper Mississippi River basin (56—100 cm), but on average
all three sub-basins have abundant precipitation. Large portions of the Upper and Lower Mississippi River
sub-basins, as well as areas in the northern portion of the Ohio River sub-basin, have seasonally high
water tables as a result of the abundant precipitation and poor internal drainage of their soils.

Soils in the Upper Mississippi River sub-basin are dominated by Mollisols formed in glacial till and loess.
These Mollisols have thick, fine-textured surface horizons, are rich in organic matter, and have poor inter-
nal drainage. The Upper Mississippi River sub-basin also has Alfisols, which have a clay-rich subsurface
horizon, and surface horizons that are thinner and contain less organic matter than Mollisols. Soils in the
Ohio River sub-basin include Alfisols and some Ultisols, which are highly weathered and leached by heavy
precipitation, have a clay-rich horizon, and are low in soil fertility and organic matter. Soils in the Lower
Mississippi River sub-basin are dominated by Alfisols and Ultisols and generally have very slow perme-
ability.

Total cropland as a percent of total land area is greatest in the Upper Mississippi River sub-basin (mostly
corn and soybeans), followed by the Ohio River (corn and soybeans in the northern half) and the Lower
Mississippi River sub-basins. Total fertilizer applications follow the same ranking. In contrast, irrigation is
greatest in the Lower Mississippi River sub-basin, followed by the Upper Mississippi River and Ohio River
sub-basins. The five states in the Mississippi River Basin with the greatest application rates of nitrogen
fertilizers (Knox and Moody 1991), the greatest fraction of cultivated land (Knox and Moody 1991), and the
greatest amount of artificially drained soil (Zucker and Brown 1998) are lllinois, Indiana, lowa, Ohio, and
Minnesota.

2.1.2 Data Sources and Analytical Methods

Three primary data sources were used to evaluate the effects of nutrient-source reductions in the MRB on
the quality of its rivers and streams:

» First, a large database on water flows and water quality assembled by the USGS was used for
most of the basin-wide analyses. Data files of flow and of nutrient loading and concentrations at
various river and stream sites were supplied to the task group by D. Gools-by, USGS, Denver,
CO, chair of Task Group 3. Other data on the basin were obtained from a CD-ROM supplied by R.
Alexander, USGS, Reston, VA.

» The second major source was a database on water quality, water flows, and basin landscape
conditions for the Minnesota River Basin, which was assembled from a variety of agency sources
by D. Mulla and co-workers at the University of Minnesota, St. Paul.

» The third source was a file of long-term data on nutrients and related water quality data for seven
river sites in the metropolitan Minneapolis—St. Paul area (Upper Mississippi River Basin), which
was obtained from C. Larson, Metropolitan Council Environmental Services, St. Paul, MN.

Standard statistical methods and basic spreadsheet programs were used to analyze and graph the data.
Results from a variety of hydrologic/water quality models (e.g., SPARROW, EPIC, SWAT, ADAPT) also
were used in various parts of the analysis. For ease in understanding the results from these models,
background information on the modeling approaches is presented in Chapter 3, in conjunction with the
model results.
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2.2 GULF OF MEXICO

2.2.1 Site Characteristics

Seasonal hypoxia (< 2 mg O,/L) occurs over extensive areas (up to 18,000 km2) in the bottom waters of
the northern Gulf of Mexico inner continental shelf from May through September (Rabalais et al. 1999).
The two principal factors leading to the development and maintenance of hypoxia are physical stratifica-
tion of the water column and decomposition of organic material. Spatial and temporal variations in the
distribution of hypoxic water masses are related, in part, to freshwater discharge from the MRB, circulation
patterns, nutrient loadings, and a close coupling with net primary productivity. Significant increases in ni-
trogen and phosphorus loadings and decreases in silica loadings have occurred in the Mississippi River
this century, and these trends have accelerated since the 1950s (Turner and Rabalais 1991). These
changes appear to have caused phytoplankton species shifts and an increase in primary production off-
shore (Rabalais et al. 1996). Justi¢et al. (1993) showed that MRB inputs, net productivity, and hypoxia in
the northern Gulf of Mexico are closely correlated.

Water circulation on the Louisiana—Texas shelf is strongly influenced by wind stress and freshwater dis-
charges from the MRB (Wiseman et al. 1997; Walker 1996). About 30% of the flow from the MRB is deliv-
ered through the Atchafalaya River Delta. The remaining 70% flows through the Mississippi birdfoot delta,
and eventually discharges approximately 50% to the west of the delta and 50% to the east (U.S. Army
Corps of Engineers (USACE) 1984). The water flowing westward ultimately forms the Louisiana Coastal
Current (LCC) (Wiseman and Kelly 1994). During much of the year, the LCC flows into Texas and Mexi-
can waters (Cochrane and Kelly 1986). At these times, the distribution of excess fresh water is largely
confined to a nearshore band that extends from the Mississippi birdfoot delta into Mexican waters (Dinnel
and Wiseman 1986). Under upwelling favorable winds, which blow over the Mexican and south Texas
coast from late spring through mid- or late summer, a return flow occurs (Cochrane and Kelly 1986).

The summer halocline and subhalocline thermoclines associated with the LCC isolate near-bottom waters
from direct wind forcing. This effect, in conjunction with pressure gradients driving upcoast flow along the
Texas inner shelf, results in slow-moving bottom waters over the LIS (Rabalais et al. 1996), allowing bio-
logical processes to deplete oxygen in the near-bottom waters. Hypoxic waters are most prevalent from
late spring through late summer, and mostly in water depths of 5-30 meters (Rabalais et al. 1999). Hy-
poxia occurs mostly in the lower water column but encompasses as much as the lower half to two-thirds of
the column.

2.2.2 Models of Estuarine and Coastal Waters

Various approaches have been developed for assessing water quality in estuarine and coastal waters.
The U.S. Environmental Protection Agency (EPA) (1990) provided extensive guidance on mathematical
models for assessing relationships between nutrient loading and nutrient-related water quality criteria.
Hinga et al. (1995) reviewed results of three different approaches to investigate relationships between ni-
trogen availability and phytoplankton primary production and abundance in coastal ecosystems. These
included controlled experiments in marine enclosures, assessing historical changes in coastal ecosys-
tems, and cross-system comparisons. Wyatt (1998) investigated meteorological and anthropogenic influ-
ences on marine algal blooms and presented simple population models. Chau and Jin (1998) developed a
two-layer, integrated, hydro-dynamic—eutrophication model to investigate relationships between density
stratification and bottom-water anoxia in Tolo Harbour, Hong Kong.

The Water Quality Analysis Simulation Program (WASP) (Ambrose et al. 1988, 1993) is a generalized,
multidimensional, mass-balance modeling framework that has been used to investigate water quality
problems in a large number of different marine systems. The CE-QUAL-ICM model (Cerco and Cole
1995) is a comprehensive mass-balance model that has been used for complex problems in several large
water bodies. A version of CE-QUAL-ICM was used in conjunction with a three-dimensional hydrodynamic
model and a sediment diagenesis submodel to investigate eutrophication and dissolved oxygen in Chesa-
peake Bay (Cerco and Cole 1993; Cerco 1995a, 1995b). The Environmental Fluid Dynamics Computer
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Code (EFDC) (Hamrick 1996) is a general-purpose, three-dimensional, hydrodynamic and water quality
model. The EFDC model was used for studies in estuaries of Chesapeake Bay, two sites in Florida, the
Peconic Bay system in New York, Stephens Passage in Alaska, and Nan Wan Bay in Taiwan.

Several recent modeling approaches involved species succession and dynamics of higher trophic levels.
Roelke et al. (1997) investigated phytoplankton species succession in the Nueces River Estuary (TX) as
influenced by anthropogenic activities. They evaluated and compared results from a Phytoplankton Ecol-
ogy Group (PEG) model and a model based on Equilibrium Resource Competition (ERC) theory. Vascon-
cellos et al. (1997) used the ECOPATH approach to conduct simulations of 18 different marine trophic
models to explore the behavior of systems affected at intermediate trophic levels. Manickchand—Heileman
et al. (1998) developed a trophic mass-balance model to investigate energy flow in a community of fish
and invertebrates in the southwestern portion of the Gulf of Mexico.

2.2.3 Methods

2.2.3.1 MODELING APPROACH

The use of mathematical models for investigating hypoxia in the northern Gulf of Mexico is at an early
stage of development. As part of the NOAA Nutrient Enhanced Coastal Ocean Productivity (NECOP) pro-
gram, Bierman et al. (1994a) applied a version of the EPA WASP model to the LIS portion of the northern
Gulf of Mexico (Figure 2-1). The development of this model was a collaborative effort among Limno-Tech,
Inc. (LTI), Louisiana State University (LSU), and the Louisiana Universities Marine Consortium
(LUMCON). In addition, the modeling effort drew extensively from field monitoring and research con-
ducted by other investigators in the NECOP program.

The NECOP program was not designed to collect field monitoring data to support a mass-balance water
quality model. Modeling was only one of several complementary, parallel, program
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FIGURE 2.1. Location map of the study area for the water quality model.

elements. Available historical data and new data generated within the NECOP program were sufficient for
only a preliminary, screening-level modeling analysis. Until the NECOP modeling study, there had been no
previous applications of mass-balance water quality models on the LIS. Although there are many uncer-
tainties in model results, the NECOP model was used to address broad, macro-scale questions related to
the impacts of potential reductions in nutrient loadings from the MAR. The Gulf of Mexico sections of this
report describe the NECOP model and results from forecast simulations designed to estimate responses
of dissolved oxygen and chlorophyll concentrations to potential reductions in nitrogen and phosphorus
loadings from the MAR.

The conceptual framework for the modeling approach is shown in Figure 2.2. State variables in the model
include salinity, phytoplankton carbon, phosphorus (dissolved orthophosphate and combined P forms),
nitrogen (ammonium, nitrate plus nitrite, and organic N forms), dissolved oxygen, and carbonaceous bio-
chemical oxygen demand (CBOD). User-specified, external forcing functions include constituent mass
loadings, advective—dispersive transport, seaward boundary conditions, sediment fluxes, water tempera-
ture, incident solar radiation, and underwater light attenuation. Sediment interactions are represented by
user-specified values for net settling rates for particulate phase constituents, sediment—water diffusive
fluxes for dissolved nutrients, and sediment oxygen demand (SOD). This conceptual model was imple-
mented using an LTI-modified version of the EPA WASP computer modeling framework.
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The model represents the complete mass-balance cycle for each state variable in the water column. This
cycle includes mass inputs, outputs, and transformations for each state variable as a function of space
and time. With respect to nutrients, the model represents forms that are immediately available for phyto-
plankton growth as well as forms that are not immediately available but can become available through
mineralization in the water column. The model represents available nitrogen as the sum of ammonium
and nitrate plus nitrite forms, and available phosphorus as dissolved orthophosphate. Unavailable nitrogen
and phosphorus are lumped into the state variables organic nitrogen and organic phosphorus, respec-
tively. Mineralization of organic nutrient forms to available nutrient forms is represented in the model by
first-order, temperature-dependent mechanisms. Consequently, nutrients for phytoplankton growth are
supplied not only from external mass inputs but also from internal mineralization in the water column.

The WASP model framework was selected for two principal reasons: (1) it contains only a moderate de-
gree of complexity and was reasonably compatible with the available field data, and (2) it could provide
first-order answers to the principal water quality questions. Although this model contains only a moderate
degree of chemical-biological complexity, it still requires a considerable amount of field data for specifica-
tion of external model-forcing functions, as well as for comparison with model output.

External Source Advection and Boundary Sediment T ratur Light
Loads Dispersion Conditions Flux emperature 9
Denitrification A :;’ ! S Water Column

" Organic

Denitrification A Settling
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FIGURE 2.2. Schematic map of the principal model state variables and processes in the Gulf of
Mexico water quality model.
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2.2.3.2 DATA SOURCES

The principal application data were drawn from a comprehensive set of field studies conducted during July
1990 at over 200 sampling stations in the northern Gulf of Mexico (Figure 2.3).
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FIGURE 2.3. Location of the sampling stations used in model calibrations for July 1990.

Four groups of sampling stations were included in these studies: the NECOP-NECOP90 shelfwide cruise,
which occupied 64 stations located primarily inside the model's spatial domain; the GYRE-GYRE90
cruise conducted by Texas A&M University, which occupied 113 stations located both inside and outside
the model’s spatial domain; the NURC-NURC90 cruise conducted by Louisiana Universities Marine Con-
sortium, Texas A&M University at Galveston, and Texas Institute of Oceanography, which occupied 38
stations located immediately west of the Mississippi Delta in the primary hypoxic region; and the River—
USGS stations in the Mississippi and Atchafalaya Rivers. The field data from all these sampling stations
(except river stations) reside in the NECOP database management system (Hendee 1994). The model
was also applied to earlier historical data collected during 1985-88 by LUMCON (Rabalais et al. 1996).
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2.2.3.3 SPATIAL AND TEMPORAL SCALES

The spatial domain of the NECOP model is represented by a 21-segment water-column grid extending
from the Mississippi River Delta west to the Louisiana—Texas border, and from the shoreline seaward to
the 30-60 m bathymetric contours (Figure 2.4). The spatial segmentation grid includes one vertical layer
nearshore and two vertical layers offshore. All spatial segments are assumed to be completely mixed. The
nearshore segments have an average depth of 5.6 m. The surface offshore segments are completely
mixed in the vertical to an assumed fixed pycnocline depth of 10 m. The bottom offshore segments are
completely mixed from 10 m to the seabed. The depths of these bottom offshore segments range be-
tween 6.1 and 20.3 m.

The coarse scale of the model’'s segmentation grid was originally determined by the areal distribution and
vertical density of historical water quality data. Salinity was used to identify characteristic water masses
and to determine the geometric boundaries of the grid. The scale of the model's segmentation grid has
two principal limitations: (1) near-field horizontal gradients in the vicinity of the Mississippi and Atchafalaya
River plumes are not explicitly represented; and (2) important vertical-scale characteristics are not fully
represented, including near-bottom hypoxia and “layering” of dissolved oxygen concentrations. Rabalais et
al. (1999) showed that the low-oxygen water mass in bottom waters can move and change configuration
in response to winds, currents, and tidal advection. Furthermore, they showed that hypoxia can occur not
only at the bottom (near the sediments), but also well up into the water column.

The temporal domain of this model application represents steady-state, summer-average conditions.
Consequently, the model represents only a single “snapshot” in time. In reality, there is great daily and
weekly variability in current flow and stratification on the LIS (Rabalais et al. 1996). The principal reason
for this model limitation is that field measurements are not available to characterize temporal variability at
the shelfwide spatial scale. Typically, only a single shelfwide monitoring effort is conducted each year
during the July—August period to characterize the spatial extent of hypoxia. Operationally, model-forcing
functions were assigned constant values that represented summer-average conditions. The time-variable
model was then run to steady-state, and model output was compared with available field data. It was as-
sumed that data collected during the summer shelfwide monitoring effort were synoptic, and that they
were in temporal equilibrium with the specified summer-average model-forcing functions.

2.2.3.4 MODEL-FORCING FUNCTIONS

Physical transport in the model is represented by advective flow and bulk dispersion. Bulk dispersion is a
lumped parameter that represents transport processes at scales smaller than the model's spatial seg-
ments. These processes include molecular diffusion, turbulent eddy diffusion, and shear-flow dispersion.
Because the model balances mass and not momentum, magnitudes and directions for advective flows
must be externally specified by the user. Dispersive mixing coefficients across all horizontal and vertical
interfaces are calibration parameters and were determined by conducting mass balances for salinity, a
conservative tracer.
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FIGURE 2.4. Model spatial segmentation grid for the Louisiana Inner Shelf portion of the Gulf of
Mexico. NOTE: Segments 15-21 are the bottom-water segments underlying surface segments 8-14.
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Advective flows in the model are descriptive in nature and were based on relatively sparse observational
data. It is believed that summer-average conditions in the spatial domain of the model are typically repre-
sented by the LCC, which has a net westward drift along the shelf bathymetry. This representation is sup-
ported by current measurements from a long-term mooring maintained by W.J. Wiseman, Jr., LSU, at a
location off Cocodrie (segment 10) in 20 m of water. Typical summer-average current speeds are ~10 cm
st and ~3 cm s, respectively, in the surface and bottom waters.

Although the model was calibrated using the most comprehensive data set available at the time, a ques-
tion arose as to whether this particular calibration was representative because hydrometeorological condi-
tions on the LIS appeared to be anomalous during the summer of 1990. In contrast to results from the
above long-term current meter record, net eastward drift was observed in both surface and bottom waters
at speeds of approximately 2 cm s and 0.8 cm s™, respectively. Consequently, before using the cali-
brated model to conduct forecast simulations, it was deemed appropriate to calibrate the model to a wider
range of environmental conditions. Prior to conducting the forecast simulations in the present report, the
model calibration was extended to include summer-average conditions in July 1985 and August 1988.
Selection of the July 1985 and August 1988 data sets was based on differences among individual years
with respect to numbers of sampling stations occupied, magnitudes of MRB inflows, and areas of hypoxia.

Available information indicates that a typical LCC existed during the summers of 1985 and 1988. Annual
average inflows from the MRB in 1985 (845,000 cfs) and 1990 (877,000 cfs) were higher than the long-
term (1930-92) annual average inflow (664,000 cfs). Peak flows generally occur in April, although peak
inflow in 1990 occurred in June. Annual average inflow in 1988 (535,000 cfs) was lower than the long-term
average inflow, and historical low flows occurred during the summer of 1988. Areas of hypoxia were much
greater in the summers of 1985 and 1990 (approximately 9,000 km?) than in the summer of 1988 (ap-
proximately 40 km?) (Rabalais et al. 1999). Although including data sets for July 1985 and August 1988
extends the range of model calibration conditions, field data for these periods are not nearly as compre-
hensive as field data for July 1990, in terms of both numbers of stations occupied and numbers of water
guality parameters measured.

To the extent permitted by available field data, external forcing functions for the model calibration data
sets were year-specific. The most important differences among the three summer-average calibration pe-
riods were differences in MRB inflows and freshwater advective flow magnitudes and directions on the LIS
(Figures 2.5-2.7). These freshwater advective flow fields represent our best judgment in synthesizing
available field data for riverine discharges, observed current speeds and directions, and satellite imagery.
Dispersive mixing coefficients across all horizontal and vertical interfaces were determined by conducting
mass balances for salinity, a conservative tracer.

Table 2.1 summarizes the tributary inflows and nutrient loadings for the three model application periods.
These forcing functions represent average MRB conditions for antecedent periods of approximately one
month for each of the three calibration data sets. Inflow to the model grid from the Mississippi River was
much lower than inflow from the Atchafalaya River during the July 1990 application. This was necessary to
match observed salinities in the model segments near the delta and was likely due to the net eastward
drift in water circulation during this period.
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FIGURE 2.5. Schematic diagram of freshwater advective flows used in model calibrations for July
1985.
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FIGURE 2.6. Schematic diagram of freshwater advective flows used in model calibrations for
August 1988.
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FIGURE 2.7. Schematic diagram of freshwater advective flows used in model calibrations for July
1990.

TABLE 2.1. Tributary inflows and nutrient loads in base calibration.

Parameter Mississippi Atchafalaya
1985 1988 1990 1985 1988 1990
Inflow* (m®s™) 4,515 1,760 1,100 3,829 1,399 5,700
N Load (metric tons/day™) 956.0 149.40 294.0 595 114.8 911
Inorganic2 671.0 116.00 230.0 324 62.8 458
Organic N 285.0 33.40 64.2 271 52.0 453
P Load (metric tons/day'l) 78.0 15.20 28.50 33.0 9.07 98.6
Available® 46.8 9.12 5.70 19.8 3.63 29.6
Unavailable* 31.2 6.08 22.80 13.2 5.44 69.0

'Sum of Mississippi inflows from Southwest Pass and westward flows from other passages.
2Sum of ammonium-N and nitrate plus nitrite-N.

®Dissolved orthophosphorus.

*Total phosphorus minus dissolved orthophosphorus.
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2.2.3.5 MODEL CALIBRATION

Detailed calibration results using the comprehensive July 1990 field data are presented in Bierman et al.
(1994a). Reasonable comparisons were obtained between computed and observed values for model state
variables, primary productivity, and mass settling fluxes for particulate carbon and nitrogen. For the pres-
ent analysis, chemical-biological state variables were calibrated using internal model parameters from the
July 1990 calibration as starting values, and were then adjusted to obtain optimal results across all three
summer-average periods. The final calibration consisted of a unified set of internal model parameters that
produced the best average results for the three summer periods. Calibration results for any individual
summer period do not necessarily represent the best results possible for that period. This calibration ap-
proach was based on the judgment that differences among summer-average periods were due primarily
to differences in environmental forcing functions, not internal model processes.

Detailed results for this unified model calibration are presented in Limno-Tech, Inc. (1995). As a gross
guantitative measure of goodness-of-fit, overall mean values for model output and field data were com-
pared for each parameter-year combination using the Student’s “t” test. These overall mean values repre-
sented grand averages of individual segment mean values. There were 18 parameter-year combinations,
and model output was significantly different (p < 0.05) from field data in only three of the 18 cases. Re-
gression analyses of model output versus observed segment mean values were also conducted for the 18
cases. Results indicated that although the model represented the overall mean state of the system rea-
sonably well, it explained an average of only 40% of the spatial variability among individual model seg-
ments. This is probably due to the fact that a complex, dynamic system is being represented as a single
“snapshot” in time and at coarse spatial scales. Rabalais et al. (1996) emphasized that there is great daily
and weekly variability in current flow and stratification on the shelf and that there is no simple description
of the important physical-biological couplings.



CHAPTER 3

Results

3.1 INTRODUCTION

Nutrient-source reductions in the Mississippi River Basin (MRB) may be implemented with the primary
goal of decreasing the hypoxia problem in the Gulf of Mexico, but they also will affect water quality condi-
tions in the MRB itself. The nature of the responses to such reductions is quite different in the two sys-
tems. In the Gulf, the response variable of primary interest is dissolved oxygen (in the bottom waters); in
freshwater parts of the MRB, responses of a much wider array of water quality variables—various nutrient
forms, chlorophyll, dissolved oxygen, water clarity, planktonic and benthic biota—are of direct interest.

The methods available to analyze the effects of nutrient-source reductions also differ significantly for the
two systems. For the Gulf of Mexico, a dynamic simulation model is available to make quantitative predic-
tions on the effects of changes in nutrient loads on dissolved oxygen concentrations. At present, no model
is available to simulate the entire MRB freshwater system, although many models can be used to examine
specific aspects of the nutrient loading—aquatic response issue for small parts of the system.

Hypoxia in the Gulf is thought to be driven by the loading of nitrogen (N) primarily as nitrate from the MRB
because nitrogen generally is considered to be the limiting nutrient for phytoplankton production, and
phosphorus is thought to be present in excess of plant needs in marine waters. Therefore, our analysis of
the effects of nutrient loading reductions from the MRB on hypoxia in the nearshore Gulf focuses on N
loadings.

In contrast, aquatic scientists regard phosphorus (P) as the nutrient that most frequently limits plant
growth in freshwater ecosystems. Even in freshwater situations where phosphorus is present in excess
(usually because of excess inputs from human activities), aquatic scientists traditionally have focused on
the effects of controlling phosphorus under the assumptions that (1) P loadings are more readily controlled
than are N loadings, and (2) phosphorus can be made the limiting nutrient again by sufficiently reducing its
inputs.

In recent years aquatic scientists have recognized that the ratio of nitrogen to phosphorus is important in
controlling the composition of phytoplankton species and that nitrogen in fact may be the limiting nutrient
in many freshwater systems. Consequently, efforts to control eutrophication in freshwater systems have
taken a more balanced approach that considers loadings of both N and P and attempts to control sources
of both. Our analysis of the effects of nutrient-source reductions on water quality in the freshwater eco-
systems of the Mississippi River Basin thus considers both N and P.

Because of these differences, our analysis of aquatic system responses to nutrient-source reductions is
presented in separate parts. Section 3.2 examines the likely effects of such reductions on nutrient con-
centrations and loads in the river system and then considers the effects of changes in nutrient co